horizontal and vertical components of oblique saccades in primates were coupled. Human and monkey eye movements were recorded during a visual tracking task that jumped a small visible target spot to different locations on a tangent screen.
2.
For oblique saccades larger than ca. Such studies have shown that the duration and peak velocity of pure saccades increase mono tonically with eye movement amplitude. Sac cade trajectories tend to be stereotyped, but there is a range of durations and velocities as sociated with a given amplitude (5, 9, 11, 14, 21, 31 ) . Despite the range, and some intra and intersubject variability, the duration and 0022-3077/86 $1.50 Copyright © 1986 The American Physiological Societyvelocity relations arc relatively consistent and therefore, are used to define a saccade and to quantitatively assess whether defects in a pa tient's eye movements have clinical signifi cance (1, 4 }.
Linear amplitude-duration and amplitude velocity relations characterize pure horizontal or vertical saccades, but Henn and Cohen sug gested as early as 1973 that the same relations might not characterize the horizontal and ver tical components of oblique saccades (Ref. 18 , Bahill and Stark claimed that the horizontal and vertical components of oblique saccades were independent, each obeying its own am-
plitude-duration and amplitude-velocity re lationship. On the other hand, studies of cat ( 13, 17) and monkey (23, 39) showed that the components of oblique saccades were coupled, so the duration of the shorter component was lengthened to approximate the duration of the larger component. Such stretching can result in an oblique saccade trajectory that is a straight line if the components occur in syn chrony and have equal durations as originally suggested by Henn and Cohen ( 18) (Fig. 1 B, right, solid vector).
If oblique saccade components are indeed coupled, there are significant implications for how the premotor neural circuits that produce saccades are organized. For example, separate pools of medium lead burst neurons located in the paramedian pontine reticular formation (PPRF) and in the mesencephalic reticular formation (MRF) are thought to produce the excitatory burst of neural discharge that gen erates the horizontal and vertical components of saccades (7, 19, 20, 22, 24, 27) . These sac cadic burst generators are usually considered to be independent. However, to produce the relatively straight line trajectory of an oblique saccade either the burst generators themselves, or their inputs, must be coupled. Robinson (32) and Zee et al. (42) have proposed a model of the neural burst generator that successfully simulates the trajectories of pure horizontal saccades. Their model incorporates a nonlin ear element into the burst generator to account for the velocity saturation characteristic of large saccades. This model cannot, however, reproduce the trajectories of stretched com ponents of oblique saccades without significant modification. An alternative circuit, called the common source model by van Gisbergen et al. (39}, does predict that the components of oblique saccades will be coupled. In this model, the nonlinearity is placed upstream of a pair of linear burst generators comprised of horizontal or vertical medium lead burst neu rons. One consequence of this model is that the horizontal and vertical components of oblique saccades follow identical time courses. Other circuits were independently proposed by Scudder (I 5, 35) and by Tweed and Vilis (38}. In the Scudder model, the horizontal and vertical components are coupled via mutual inhibitory pathways from omnipause neurons, and the feedback is moved upstream of the medium lead burst neurons. In the Tweed and Vilis model, each burst generator is driven so that its gain is modulated according to the di rection of a motor error vector, and the ve locity nonlinearity is placed back in the burst generator as originally proposed by Robinson. An interesting aspect of this model is that the dynamic characteristics of the plant are al lowed to be different for the horizontal and vertical components of eye movements. As a result, this circuit model not only simulates coupled components of oblique saccades, but the time courses of the components may dif f er because of differences in horizontal and ver tical plant dynamics.
Our results provide evidence for coupling between the horizontal and vertical compo nents of oblique saccades in nonhuman pri mates and in humans. The coupling we ob served, however, was not entirely consistent with the predictions of the oblique saccade circuit models described above. Parts of this study were first published in 1983 (25) .
METHODS·
Data for this study were obtained from two ju venile rhesus monkeys trained to perform a visual tracking task and from an experienced cooperative human subject (AFF).
Eye movement measurement and behavioral training
Eye movements were measured from one eye us ing an electromagnetic search coil technique with a maximum sensitivity of 15-min arc over a band width of DC to 300 Hz ( 16, 30) . Surgical procedures for implanting the eye coil chronically in the mon key have been described previously (16) . Human eye movements were measured using a specially fabricated eye coil imbedded in a scleral contact lens (8) . To minimize discomfort and fatigue, the human data were obtained over several experimen tal sessions that lasted -30 min each.
The monkeys were trained to fixate and track a small movable spot of light. The target spot was back projected onto a translucent screen 70 em in front of the animaL To elicit saccades, a digital computer was programmed to cause step displace ments of the target spot from the primary position of gaze to an eccentric position; the horizontal and vertical component amplitudes were each <25 deg. The temporal occurrence and size of target steps were randomized. The same target display was used for the human experiments.
Target presentation
Data were collected for eccentric target presen tations in the upper-righthand quadrant of the visual field, so that the eye movements were directed to the right and up. Visually guided saccades returning to the primary position were also analyzed. The results for the return saccades did not diff er from the results for eccentrically directed saccades and were not included in the figures. Over two or oc casionally three sessions, 20 saccades were collected for each of 35 eccentric target locations (700 total saccades). Although target movements to different locations were generated randomly, target eccen tricities were chosen to elicit oblique saccades with a certain component amplitude along one axis (horizontal or vertical) and a variety of orthogonal component amplitudes between 0 and 25 deg (e.g., for a 5-deg horizontal component, the vertical component amplitude was varied in 5-deg incre ments between 0 and 25 deg). With this task, we were able to calibrate eye position within 1 deg, and to obtain a precise assessment of the crosstalk ( <3%) between the horizontal and vertical channels.
Data analysis
In addition to cont rolling target presentation, the computer digitized signals corresponding to the horizontal and vertical eye and target positions for each trial (each channel was sampled every 1.2 ms) and stored the data on magnetic tape for later anal ysis. Subsequently, another program displayed the horizontal and vertical components of each saccade along with their unsmoothed digital derivatives at a fast sweep speed on a storage display scope (Tek tronix 613). At this stage of the analysis, some of the saccade trials were rejected if the primary sac cade did not cover 90% or more of the distance to the target. Corrective saccades were not analyzed in this study. Saccades were also rejected if their trajectories were disturbed by the occurrence of a blink that was readily recognized by a characteristic deviation of the vertical eye position trace. Fewer than 15% of all the trials were rejected for any reason.
For each saccade accepted for analysis, a cursor was used to point out the beginning and end of the horizontal and vertical components using the eye position traces and the maximum velocity of each component using the velocity trace. There was no systematic difference in the selection of the begin ning and end of saccades by different experienced users, even for elongated components as small as 3 deg. The computer then calculated horizontal and vertical component amplitude, duration, and max imum velocity using the cursor selected posit ions. The accuracy of the computer analysis was con firmed by a hand analysis of a small number of randomly selected saccades.
RESULTS
Although the amplitudes could be quite dif ferent, the durations of the horizontal and vertical components of primate oblique sac cades were nearly equal. For example, the du ration of the 7 .5-deg horizontal component of the oblique saccade shown in Fig. 2B was about the same as the duration of the 13.7-deg vertical component (50 ms for the hori zontal and 49 ms for the vertical component) but was 14 ms longer than the duration of a 7.9-deg pure horizontal saccade in Fig. 2A . The extended duration of the horizontal compo nent of the oblique saccade was correlated with an extended burst of firing in an abducens neuron recorded at the same time (Fig. 2) . The burst discharge associated with the oblique saccade ( Fig. 2B ) had a longer duration {49 ms) and lower average firing frequency (367 spikes/s) than the burst discharge asso ciated with the pure 7 .9-deg horizontal saccade (34 ms and 441 spikes/s, respectively, Fig. 2A ). These data show that the increased duration of the horizontal component was at least par tially a consequence of an altered central dis charge pattern, and not simply a peripheral interaction between muscle and orbital tissue, or an artifact of the search coil measurement technique.
As shown by others, the durations of pure horizontal or vertical saccades increase with size (e.g., 1, 5, 9, 14, 21, 31). In Fig. 3 , mean duration is plotted against mean amplitude for each component of saccades to various eccen tric targets. The shaded region represents one standard deviation about the mean duration of pure horizontal (Fig. 3, A and B, filled cir cles) or vertical (Fig. 3 , C and D, filled circles) saccades. For monkey 1 (Fig. 3 , A and C), the slope of the linear regression lines fitted to the pure horizontal saccade data is 1.5 ms/deg and for the pure vertical, 2.3 ms/deg. For the hu man (Fig. 3 , B and D), the slope for pure hor izontal saccades is 3.5 ms/deg, and the slope for pure vertical saccades is 4.1 msjdeg. These data are comparable to previously published amplitude-duration relations for monkey (14, 23) and human (1, 5, 9, 21, 31).
When the eye movement is a component of an oblique saccade, however, its duration is not determined solely by its amplitude. (Fig. 3, A and B, diamonds) or 25 deg (Fig. 3B , inverted tri angles), the duration of the horizontal com ponent was longer than expected from the tra ditional amplitude-duration relationships of horizontal or vertical saccades (shaded region). Consequently, the shorter components had longer durations than expected from their amplitudes alone. For example, consider what happened when a 5-deg human horizontal saccade became a component of a series of oblique saccades with increasing vertical am plitudes. Figure 3B shows that the duration of the horizontal eye movement increased from 39 (filled circle) to 91 ms (inverted triangle), even though the mean horizontal amplitude actually decreased from 4.8 to 2.8 deg, and a 2.8-deg pure horizontal saccade should have had a duration of <30 ms. Figure 3 , C and D show that the duration of the vertical com ponent was similarly stretched during oblique saccades with horizontal component ampli tudes that ranged from 5 to 25 deg. Therefore, the duration of a component was longer when a larger orthogonal component was present. Figure 3 also shows that the shorter compo nent of human saccades was stretched rela tively more than the shorter component of monkey saccades (e.g., 39 to 94 ms in humans, Fig. 3B and 26 to 32 ms in monkeys, Fig. 3A ,
Comparison ofthe discharge of an abducens neuron during a pure 7.9-deg horizontal saccade (A) and an oblique saccade with a 7.5-deg horizontal component (H).
in both subjects for oblique saccades with (Fig. 4B) .
The linear relation also applies for the sec ond monkey and for the vertical component duration in all three primate subjects. Regres sion coefficients for the horizontal and vertical component duration-vector amplitude rela tions for each of our subjects are presented in Table 1 . Correlation coefficients (r) ranged from 0.89 to 0.98, and were highly signifi cant (P < 0.0 1 for each subject and component). For pure horizontal or vertical saccades, vector and component amplitude are the same, and the vector amplitude-duration relationship (Fig. 4) reduces to the traditional component amplitude-duration relationship (Fig. 3) . The intercept of the vector amplitude-duration re lationship is not zero, suggesting that small saccades have a minimum duration of -12-19 ms in the monkey and 30-34 ms in human. (Fig. 4 ) , we may expect to fi nd oculomoto neuron burst duration to also be correlated with the vector amplitude of oblique saccades having on-direction components. Because the duration of each component of an oblique saccade is proportional to vector amplitude, it follows that the component du rations must be proportional to each other. Figure 6 shows that the relation between component durations was approximated by a straight line (slopes c= 0.76 monkey and 0.78 human; intercepts c= 10.2 ms monkey and 8.6 ms human) with correlation coefficients of 0.82 (monkey) and 0.93 (human); these rela tions were highly signifi cant (P < 0.001). Van Gisbergen et al. (39) also reported proportional component durations in monkeys, but the slope of their relations were virtually equal to 1.00, implying equal component durations. In contrast, the horizontal and vertical compo nent durations were not equal (Fig. 6 ) in our sample because for most oblique saccades, the smaller component had a slightly shorter du ration than the larger component. We ob served this pattern consistently in our subjects, and can offer no explanation at this time for the apparent discrepancy between our results and those of van Gisbergen et aL (39) Figure 7 shows the dif ference in onset or ending time plotted against the total difference in duration fo r the com ponents of oblique saccades with horizontal amplitudes of 3, 6, or 9 deg, each of which 9 00 r .:::
,'$:, {,.) 300
'" "' � tern, a finding corroborated by Keller (23) . These data cannot be fit by the common source model {van Gisbergen et al., 39) that presumes synchronous components (see DIS CUSSION).
The linear relation between component du ration and vector amplitude (Fig. 4) implies that the velocity of the smaller component of an oblique saccade should be less than that expected of a pure saccade. Indeed, the peak velocities of stretched components (Fig. 8 , open symbols) generally did fall below the mean peak velocities of pure horizontal or vertical saccades of the same size (Fig. 8, filled  circles) . Unlike component duration, peak component velocity was not solely related to vector amplitude. If peak component velocity was plotted against vector amplitude (Fig. 9) , a set of relations resulted that were separated according to component amplitude. Thus for any oblique saccade, component peak velocity decreased with vector amplitude {Fig. 9, fixed component amplitude, solid lines) and in creased with component amplitude (Fig. 9 , connect identical symbols such as the open circles). For example, pure 10-deg horizontal saccades (Fig. 9A) The longer durations of stretched compo nents of oblique saccades may be caused by a selective alteration of only a part of that com ponent's time course. For example, the du ration of the smaller component could be stretched by adding a slow eye movement component near the beginning or end of the movement, in which case the peak saccade ve locity may be unchanged but the average ve locity would be decreased. However, our data suggest that the entire time course of a stretched component was modif i ed because mean component peak velocity was propor tional to mean component average velocity for all saccades. This result is shown in Fig.  10 , where the data points for monkey or hu man oblique or pure saccades fell along a single linear characteristic, with correlation coeffi cients ranging from 0.95 to 0.99 for all three primate subjects. Although not shown in this f i gure, similar relations applied for the vertical component of oblique saccades. These data show that the time course of a stretched com- ponent of an oblique saccade is a scaled ver sion of the time course of an unstretched sac cade of the same size. The intercepts of these regression lines are not zero, a result that does not make physical sense. Since only a few data points were obtained for velocities < 100 degj s, we cannot exclude the possibility of a non linear relationship for smaller velocities. Therefore, we consider the linear relationship to apply only for saccades with velocities ex ceeding 100 deg/s.
The linear relationships between compo nent average and peak velocity (Fig. 10) and between vector amplitude and component duration (Fig. 4) , lead to a simple algebraic expression relating component peak velocity and vector amplitude. First, component du ration is proportional to vector amplitude (Fig. 4) where DH and D v are horizontal and vertical component durations respectively, and R is the vector amplitude of the saccade. The con stants, a and b, are the slope and intercept of the linear regression line (Table l ) . Second, component peak velocity is proportional to average velocity ( 
where V H and V v are peak velocities, and VA and Vv are average velocities. The con stants, m and n, are the slope and intercept of the linear regression line (Table 2 ). Since component average velocity is simply com ponent amplitude divided by component du ration, it follows that
�<o'VJ = aR + b (1) where AH and A v are component amplitudes. Because there is a lower velocity limit on Eq. 2, Eq. 3 is valid only for saccades with vector amplitudes of more than -3 deg. Eq. 3 was used to calculate the peak veloc ity-vector amplitude characteristics shown in Fig. 9 (solid lines) . For large horizontal or ver tical saccades, this equation (using AH or A v ) predicts the velocity saturation in V H or V v reported previously for large "pure" saccades (e.g., Ref. 14).
DISCUSSION
Our study shows that in primates the hor izontal and vertical components of oblique saccades are coupled. As a result of the cou pling, the smaller component of an oblique saccade is stretched to have a longer dura tion and slower velocity than expected from the amplitude-duration-velocity relations ob tained from pure horizontal or vertical sac cades (Figs. 2 and 8 ). These fi ndings are con sistent with other studies of oblique saccades, suggesting that horizontal and vertical com ponent coupling is a universal feature of the saccadic system ( 13, 1 7, 23, 39 ). An opposite conclusion was reached by Bahill and Stark (2, 3) , who reported that the horizontal and vertical components of human oblique sac cades were temporally and dynamically in dependent. However, their results were based on a sample of saccades with vector ampli tudes < 5 deg. The apparent disagreement be tween their conclusions and ours might be due to the restricted amplitude range of their sam ple, since in our data, stretching was not as obvious for small saccades (Fig. 3, saccades plotted with open circles or triangles had com ponent amplitudes < 10 deg), but was plainly evident for eye movements > 10 deg (Fig. 3, saccades plotted with open squares, diamonds, or inverted triangles).
Neural correlates of component coupling were also observed in abducens neurons (Fig.  5 ) and in medium lead burst neurons believed to provide direct inputs to motoneurons dur ing saccades (24 ) . In both these cell types, burst duration increased and the average fi ring rate decreased when the on-direction component was stretched (Figs. 2 and 5 for abducens neu rons; see Re [ 24, Figs. 1 and 6 for medium lead burst neurons). Figure 5 clearly demon strates component coupling because the burst duration of the abducens neuron was, in fact, much better related to the saccade's vector amplitude than to its component amplitude. Because our sample of abducens neurons was small, we did not try to demonstrate whether or not this relationship was secondary to a re lation between burst and component duration and component duration and vector ampli tude (Fig. 4 ) . The neuronal data in Figs. 2 and 5 were presented because they show unam biguous evidence for coupling in central dis charge patterns.
We have shown a relation between the burst duration of abducens neurons and vector am plitude. Other studies have shown that the number of spikes in the burst discharge of neurons in the pontine and mesencephalic re ticular formation is proportional to compo nent amplitude (e.g., 19, 20, 22, 24) . There fore, the average intraburst firing rate of a cell (defined as number of spikes divided by burst duration) must be proportional to the average velocity of the on-direction component (de fined as component amplitude divided by component duration). Such a relationship was demonstrated for vertical medium lead burst neurons in the MRF (24). Henn and Cohen (19) suggested that some pontine burst tonic and medium lead burst neurons may encode the angle of an oblique saccade by their dis charge rate. Another possible interpretation of their results is that the relation between firing rate and angle for these cells was secondary to a relation between average horizontal velocity and intraburst fi ring rate, since average veloc ity is proportional to the cosine of a saccade's angle ¢ if the vector amplitude is constant (substitute AH = Rcos ¢ into Rq. 3 where R is the vector amplitude). Thus for any group of saccades with similar vector amplitudes, in traburst fi ring rate in horizontal medium lead burst neurons will be proportional to the co sine of the angle of the saccade if 1) the number of spikes in the burst is correlated with com ponent amplitude, and 2) burst duration is correlated with component amplitude.
To produce a saccade, a complex pattern of innervation must be distributed to every ex traocular muscle (6) . However, the lines of ac tion of the horizontal or vertical recti are such that these muscles produce almost pure hor izontal or pure vertical eye movements, re spectively (6) . The recti are innervated by an atomically distinct pools of motoneurons lo-cated in the third and sixth cranial nuclei. The premotor circuits for horizontal and vertical saccade components are also at least partially anatomically segregated, since separate pools of medium lead burst neurons in the pons (horizontal) and mesencephalon (vertical) are believed to provide the excitatory drive re sponsible fo r the burst of motoneuronal firing during saccades (7, 15, 19, 22, 23, 24, 27) .
Our findings suggest that these widely sep arated groups of burst neurons are coupled functionally to produce stretched saccade tra jectories. There are several ways by which such coupling could be effected. One way would be by mutually inhibitory connections between the horizontal and vertical burst neuron pools. The Scudder model ( 15, 35) of the saccade generator produces stretched components of oblique saccades as a result of such inhibitory coupling effected via omnipause neurons. Omnipause neurons are located near the mid line in the pontine tegmentum, and there is evidence that they inhibit the horizontal and vertical burst neuron pools ( 15, 22, 25, 29) . The saccade trajectories produced by the Scudder model depend on the temporal char acteristics of the input waveforms assumed and on the relative strength of the inhibitory coupling.
Alternatively, the coupling of oblique sac cades may result from the way that target lo cations are encoded by cells in the visual sys tem. Visual structures such as the superior colliculus or the frontal eye fi elds, which are involved in producing visually guided sac cades, represent target positions in space with a retinotopic coordinate system (10, 33, 34, 37) . In these structures, the presence of a visual target is encoded by activity in a group of neu rons. The position of the visual target is en coded by the anatomical location of the active group of neurons. The group of cells encoding by their net activity a 1 0-deg rightward saccade is relatively distinct from the group encoding a I 0-deg rightward and 30-deg upward oblique saccade. If the synaptic weights of the ana tomical connections between such cell groups and the horizontal and vertical burst genera tors in the brain stem are selected appropri ately, then the components of the oblique sac cade could be adjusted appropriately. Similar suggestions have been made previously (28, 37) but the supporting evidence is sparse ( 12) .
If stretching of visually guided oblique sac cades is a consequence of how visual inputs are encoded and mapped onto the brain stem burst generators, then nonvisually guided oblique saccades made in the dark, or quick phases made in response to vestibular stimu lation, may not exhibit such stretching. Guit ton and Mandl ( 17) have, in fact, provided some evidence that oblique quick phases in the cat are not stretched, and it would be in teresting to extend these experiments to pri mates.
Two recently published models of oblique saccadic burst generators have assumed a rep resentation of the target's position as suggested above. In the common source model of van Gisbergen et al. (39) , the nonlinearity respon sible for the velocity saturation that is char acteristic of large saccades (Fig. 8) is relocated upstream of the burst generators. A vector eye velocity signal is assumed to drive horizontal and vertical burst generators in the pons and mesencephalon, respectively, so that each component of an oblique saccade has the same time course. Thus, the common source model produces oblique saccades that exhibit straight line trajectories in two-dimensional space (Fig.  lD) . Our data, however, show that the time courses of the horizontal and vertical com ponents of oblique saccades were not usually identical (see Figs. 6 and 7) . We observed asynchronous onset and offset times, as well as differences in the time to peak velocity (not illustrated). Thus many of the saccades in our sample would have exhibited slightly curved rather than straight line trajectories if plotted in two-dimensional space, a result corrobo rated by Keller in the monkey (23) . These findings do not contradict the conceptual as pects of the common source model (39) but they do suggest a need for adjustments so that the model can reproduce accurate oblique saccade trajectories.
Tweed and Vilis (38) introduced another model of an oblique saccade generator that incorporated major aspects of the Scudder model (15, 35) and the van Gisbergen et al. model (39) . A unique aspect of this model is that the horizontal and vertical plant dynamics may be different. Tweed and Vilis show that straight line trajectories can be produced by their model if several parameters are correctly selected. However, if these parameters are mismatched, the horizontal and vertical com ponents of oblique saccades exhibit diff erent time courses and curved trajectories. Their model does not, however, produce the pattern of oblique saccades that we most commonly observed, in which the smaller component (whether it be horizontal or vertical) fo llows a shorter time course than the larger compo nent.
Although none of these models can accu rately reproduce all of the details of oblique saccade trajectories that we and others have observed, they do reproduce the stretching of oblique saccade components that has been re ported previously (13, 17, 23, 25, 39, 40) . In addition to predicting component stretching, these models also predict that component cross coupling will be represented in central dis-
